Materials and Methods

Fish
Two groups of asymptomatic chum salmon (hereafter referred to as Group-A and Group-B) were examined. Group-A fish were the progeny of returning chum salmon female adults in 2015 at Site A (Suzuki et al., 2017a (Suzuki et al., , 2017b and transferred from Site A at the fry-stage weighing 0.5 g in March 25, 2016, and reared until juveniles at the wet laboratory in the Salmon and Freshwater Fisheries Research Institute (Suzuki et al., 2017a) . BKD had not previously been reported at this institute. The fish were confirmed by nPCR, qPCR and RT-nPCR for the presence of the msa gene and msa mRNA to indicate subclinical infection with R.s. seven times (Suzuki et al., 2017a) . Group-B fish were transferred from another hatchery in Hokkaido at the fertilized-egg stage in October 8, 2015 , to the wet laboratory and reared until juvenile. Group-B fish were confirmed by nPCR and qPCR to be subclinically infected with R.s. twice.
Collection of dead and surviving fish
All dead fish were collected and examined for disease signs. Kidney tissues from both groups were examined by culture, nPCR and qPCR assays. The first-round PCR of the nPCR assay was conducted to verify the culturing of R.s. from dead fish, and produced a 383-bp amplification product (Chase and Pascho, 1998) .
At the end of the mortality monitoring period (June 7 for Group-A and June 26 for Group-B), surviving juveniles from both groups were examined as in the case of the dead fish. All individuals were examined for disease signs, and the kidney tissues from a maximum of 20 randomly-selected individuals with and without disease signs were examined by nPCR and qPCR assays for both groups.
Fish were reared during the study in 60-L tanks supplied with running well water at 8°C-10°C and were fed a commercial dry pellet (at 2% body weight) daily. ABSTRACT Mass mortalities due to bacterial kidney disease (BKD) occurred after 10-15 months rearing in two groups of chum salmon Oncorhynchus keta which had been raised from asymptomatically infected eggs and fry transferred from private hatcheries. Mortality reached 56.1% and 19.0% in the two groups, respectively, 146 days after the first death. A Renibacterium salmoninarumspecific gene was detected from various organs of the subclinical and dead fish. In the dead fish, the number of gene copies was higher than those in the subclinical fish in all the eight organs examined. These results suggested that the bacterium distributed in the bodies of asymptomatic fish proliferated systemically, resulting in an outbreak of BKD. Clinical examination of BKD Fish were observed for their swimming and feeding behavior, and were examined for external and internal disease signs of BKD, such as darkened body color, ascites, exophthalmos, postorbital hemorrhage, petechiation and vesicles in the skin, a large edematous kidney that is swollen or appears gray, off-white lesions (nodules) varying in size in the kidney, spleen and liver, a liver that is pale or yellow in color, an enlarged gallbladder that contains a dark greenish or darkened bile and an extended spleen (Bruno, 1986; Evenden et al., 1993) .
Distribution of R.s. throughout the body of the fish
Multiple organ samples including the head kidney, trunk kidney, liver, spleen, gallbladder, stomach, intestine, rectum, heart and brain were individually collected from 10 asymptomatic juveniles in Group-A in December 2016, two dead juveniles in Group-A in January 2017 and eight dead juveniles in February 2017. The DNA from the samples was extracted as described below, and nPCR and qPCR assays were performed as described below.
Bacterial culture
Kidney (trunk kidney) tissue samples were collected from asymptomatic and dead chum salmon juveniles. Attempts to obtain culturable R.s. were conducted according to Evelyn et al. (1981) on to SKDM agar plates (Austin et al., 1983) . Inoculated SKDM agar plates were incubated for 12 wk at 15°C and checked weekly for bacterial growth using a phase-contrast microscope for the detection of early growth of R.s.. Cultured R.s. was identified by a PCR assay for the msa gene as previously described.
Nested PCR assay and quantitative real-time PCR assay
DNA was extracted from samples according to our previous report (Suzuki et al., 2017a) . One micro-liter of the DNA solution contained DNA from 1 mg of tissue. The nPCR and qPCR assay for the msa gene were conducted as previously reported (Suzuki et al., 2017a) . Sensitivity of nPCR was higher than that of qPCR. The detection limit of qPCR was 20 (1.3 Log) msa gene copies/μL in a reaction, corresponding to 20 msa gene copies/mg tissue.
Results and Discussion
In Group-A, the previous study showed that the prevalence and copy number of the msa gene among asymptomatic fry and juveniles weighing 0.5-26.3 g ranged from 0% to 100% and from under the detection limit (less than 1.3 Log copies/mg) to 4.2 Log copies/mg from Apr 19, 2016 to January 4, 2017 (Suzuki et al., 2017a) . In Group-B, the prevalence and copy number of the msa gene were 10% and under the detection limit, respectively, at the fry-stage weighing 1.6 g in May 20, 2016, and 100% and 1.3-3.3 Log copies/mg in asymptomatic juveniles weighing 33.2 g in January 27, 2017.
Fish mortality due to BKD was first observed in Group-A and Group-B in January 12 and January 31, 2017, respectively, and the cumulative mortality rates were recorded from these dates until June 7 and June 26, 2017, respectively (146 days in total) for the two groups. In Group-A, deaths continued to occur over the duration of the study, whereas the mortality profile in Group-B revealed a slower death rate throughout the study. The cumulative mortality rate was 56.1% (152/271) for Group-A and 19.0% (28/147) for Group-B. The daily mortality rate was 0.38% for Group-A and 0.13% for Group-B during the study. Thus, the daily and cumulative mortality rates in Group-A were clearly higher than those in Group-B. The body weights and body lengths of the dead fish ranged from 10.7 to 71.2 g and from 120 to 208 mm, respectively (Table 1) .
Approximately 90% (163/180) of the dead fish showed some disease signs including an edematous kidney that was gray in color, white lesions (nodules) on the kidney, an extended spleen, light or yellow colored liver and other disease signs typical for BKD. The msa gene was detected by nPCR in all of the dead fish tested, with 2.8-7.1 Log msa gene copies/mg kidney tissue in Group-A and 4.0-5.9 Log msa gene copies/mg kidney tissue in Group-B, as determined by qPCR (Table  1) . Thus, the msa gene copy number in the kidney tissue of most dead individuals ranged from approximately 3-7 Log copies/mg and that of subclinically infected individuals ranged from under the detection limit to 3 Log copies/mg (Tables 1 and 3) . The previous study revealed that in Group-A, msa gene copy number in the kidney tissue showed considerable fluctuations from the fry-stage to the juvenile-stage, with the copy number risi n g i n A u g u s t 2 3 , 2 0 1 6 , w h e n f i s h r e m a i n e d (Evenden et al., 1993; Mesa et al., 2000) . In this study, Group-A showed higher daily and cumulative mortality rates and a high frequency of disease signs among surviving fish than those in Group-B. The cause of this difference was uncertain. Rearing conditions including water temperature, water quality, feeding conditions, and fish density were similar between the two groups. Thus, other factors might have affected the results. The effect of maternal R.s. infection levels on the progression of BKD in progeny fish has previously been reported (Pascho et al., 1991; Maule et al., 1996) . In Hokkaido, the detection levels (prevalence and intensity) of R.s. in the ovarian fluid of returning chum salmon differed among rivers in 2005 (Suzuki and Sakai, 2007) , and again in 2015 and 2016 (Suzuki et al., 2017b) . Thus, the transmission risk of passing R.s.
onto the progeny may vary depending on the levels present in their parents. Further studies are necessary to reveal the relationship between the infection levels in the broodstock, and the incidence and risk of mortality from BKD in the progeny.
At termination of the study, surviving fish were sampled. In Group-A, there were a total of 119 surviving individuals comprising 22 with disease signs (18.5%) and 97 without any signs of disease (81.5%) ( Table 2 ). The msa gene was detected in all (40/40) of the fish tested, which included both fish with and without disease signs. The number of msa gene copy detected was 2.6-6.5 Log copies/mg tissue and from 1.6 to 3.9 Log copies/mg in fish with and without disease signs, respectively. In Group-B, there was also a total of 119 surviving individuals comprising one with disease signs and 118 without any signs of disease. The msa gene was detected in all of the fish with and without disease signs (21/21). The number of msa gene copies detected was 3.7 Log copies/mg tissue and from 1.4 to 3.5 Log copies/ mg in fish with and without disease signs, respectively. The higher frequency of disease signs among Group-A surviving fish might reflect the higher daily and cumulative mortality rates of this group. R.s. probably proliferated rapidly in the bodies of Group-A fish compared with Table 2 . Prevalence and number of Renibacterium salmoninarum msa gene copies in two groups of surviving chum salmon juveniles those of Group-B, resulting in a higher frequency of disease signs. In asymptomatic chum salmon juveniles (Group-A), the msa gene was detected in all of the organ samples tested by nPCR (Table 3 ). The number of msa gene copies detected was 1.3-3.1 Log copies/mg of tissue in eight organs, with the exception of the stomach and intestine. In the dead fish, the msa gene was also detected by nPCR in all of the organ samples tested. Moreover, all of the organs, except for the spleen and stomach, also showed a considerable increase in msa gene copy number to 1.4-6.8 Log copies/mg tissue. This study revealed the wide distribution of R.s. throughout the body of asymptomatic chum salmon juveniles weighing c.a. 30 g. The head kidney, trunk kidney, liver and spleen all showed relatively high detection levels (prevalence and intensity), whereas in dead fish, in addition to these three tissue samples (head kidney, trunk kidney and liver), the gallbladder, intestine, rectum, heart and brain samples also showed higher detection levels compared with those in asymptomatic juveniles. These results suggested that R.s. disperses widely throughout the bodies of asymptomatic chum salmon, proliferating systemycally and thereby leading to the development of BKD and ultimately death. The distribution of R.s. in asymptomatic fish bodies is not fully understood. In subclinically infected Arctic char Salvelinus alpinus and brown trout Salmo trutta, R.s. was detected in the spleen, mid-gut, end-gut, gills and esophagus (Gudmundsdóttir et al., 2017) . Bruno (1986) histologically examined rainbow trout O. mykiss and Atlantic salmon Salmo salar experimentally challenged with R.s. and reported the systemic distribution and proliferation of R.s. in multiple organs. Our results were consistent with these previous studies.
It is possible that in this study R.s. in asymptomatic chum salmon juveniles, that was probably transferred from the ovarian fluid of female adults to the resulting offspring (Suzuki et al., 2017a) , resulted in outbreaks of BKD, while the source of the pathogen, and its infection route and time among female adults remains unclear. Further studies will be needed to address these issues.
